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SUMMARY .

.

This paper discusoee the theor~ and design of dynaiiilc...
tipressuro Augmentorsw (diaphragms equal oriflco plates nn~
nozzlos) and various forms of’ fipressurq multipllqrsH (s~iirjple
“Wenturl tubes”,’Ratea&-type ,multlple Venturis, and a combiqm-
tion of shaped nozzle and simple venturi developed by the
author). No complete theory of pressure multiplication Is
yet “avAilable; corfdl+lons .o% governing nre discussed In re-
lation t? pressure-augmenting ”devlces fitted either on the
suction or “the pressure side of” the blower: fluctuations of
output and power consumption caused by the present? of an
au&rnentor are analyzed with. tha result that fitting on the
pressure side appears &enerally. prefera%lem Some considera-
tions on the Guitable design and selection of pressuro-
augmentlng devices are appended. :

● ..

;
.“ 1. DEVICES FOR AUGMENTING THE-f30V31RllIEGFORCE #.

The problem of-controlling the output of n centrifugal
compressor obvloualy consists in-’maintainlng a constant vol-
ume of discharge to the pipe line or nlr receiver: either by
correspondingly controlling the blower spead or by throttling
the intake volume at constant blower spoedb ,.

In both cases the rp~ulating impulse is prbvlded’by
indirect fbrces effecting “the dikchmrge volume: the dynamic
pregsure, any pressure difference, or the’ resistance “of

, —.————-..
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some rigid body Inserted in the stream, However, owing to
the usually low flow velocity In the pipe line,these in-
direct forces are Insufficient to ensure the necessary
sensitivity of the governor; consequently:, .special pressure-
augmonting tievicee are necessary increasing the dynamic
force of the discharge such as the contraction of the flow
channel by criflce plates or shaped nozzles or some form
of pressure-multiplying devlceo

1. Pressure Augmenting by Diaphragms

(Orifice Plates) or Nozzles

Diaphragms nnd nozzles are t~e.simplest form of pressure
augmentoro Eowever, they aommcnly cause exces6ive rasldual
pressure losses and for the purpose In view (output regula-
tion) ara useful only in special cases.

The magnitude of the pressure. differential Ap ! pro-
vided by cm augmenter depends not only on the form of th~
latter but also on the manner of.lts arrangement in tho”flc.w -
t!lst 1s, the dedlgn and arrangement of the pipes transmitting
the pressuro drop to the governor? mmembrane. Two possible
ccses for a pressure-augmenting device are;

ml (fig. lalt The prassure differ,qntial API is
tho diff~reace @f tho static preseuros pI and ‘II at tho
upstream and downstream faces of tho constricted flow; that
is, assuming Y equals constant and disregarding losses,
apprcixinatoly:

Cza - Clan
API = P1-P1l = Yz

2g “ ““ “

The diffcre~ce @. pressure pI -.”pll between the upstream

and downstream faces of the constricted flow is a me~.sure of
the discharge volumec and will bo deno$ed by APO Then, for
the present casa:

‘.
Ap I =AP. (1)

‘cP.se2 (iig’. 1%): The pressure differential Apl ia
—.

tho dlffcrenco betwo6n the total pressure PI + Yl “la
. 2g

1“,..”
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mensurod nt n distance of O-6D to IOOD In advnnce of the
constriction, and tho static pressure ‘II reinsured at

tho downstream faco of the constriction (at the “pipe wnll
immediately behind tho diaphragm or nozzle)t”. The oxpres-
slon for the pressure difference Apt is consequently 1:

(
Cl’a’ .

Apt = Pl+Y1—
)
-P1l=AP+

. 2g

,.

Sinot3 by tlie Beqnoulli equationi .
●, 4

CI:a c#
PI +.’il — = Pa + Y1 -.

2g 2g
. .

and P= = ‘II, substitute in cquf3ti0n (2jt

c&a .;: ~
Apl . y= _

2g.’

Y= (2)

.
. .

>The pressure PT at the tube wall im~~cdiutely in
front of tho orifice ~late or nozzle Ie ~r~ater thn~ tho
pressure PI zit t?cction 1 owing to grr:dual retnrdntl(n:; of
the flow along tho tubo wall up to the ayex of the right ‘
nngle (here the thoGretical velocity.lc Zerf)). cGrlsequ!?ntl-f,..

where the nemn ‘veloclt~ Cl is connected ”with tho voloclt:~
Cll before the pitot tube by.th~ relation G~l = KcCl.
Corisequentlyi “

. . . .
The coefficient Xc = & ‘ dopen~~ on Ro (R~7nold8 number)-.

the position of the pit~t tube and tho surface roughness in
the pipe. The coefficient yl” 1s,0.45 for smooth pipes nnd
0.357 for rou@-plpati, ‘If the pitdt tube is situ=tad in tha
axis of the pipe the value .of “ (Kcz~l) approaches unity as
essuued in the derivation cf oq~ation (2).

■ m ., ■ mnm. mmmmmmmm
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Consequently, in this c~se the-pressure difference API

providing the governing force Is equal to the dynamic
c==

pressure Yz — at ‘the minimum section bohlnd the con--
2g ‘.

etriction. This pressure difference Is greater than the
pressure drop In case.1 by the amount of the dynamic pres-
sure in front of the constriction.

In practice,a third scheme of arrangomont of the
prt3ssuro augr.center, according to figure lc, iE frequently
found, Tho pressure differential is the same as fcr case 2
(fig. b),but is pulsating owing to the higher velocities on
the downstream sldo of the constriction at the mouth of tho
y.itot tuba.

The connection between the pressure differcnco Al?

obtninod in an arrangomont r.fter case 1 and the dlschnr<o
volumo 41 in cubic meters per second, related to the con-
dition of the flow upstream OX the diaphragm cr nozzle,ls
exprosscd by the following “equation:

(3)

where

d diaaetor of orifice or nozzle

D dinaetor of pipe line, F = ; Da

a dischergen coefficient depending on d : 3

c “.
~Fcomprosslbility coefficient depending on d
P1

and
z

Y= density of modlum before the orif’lce or ‘nozzle

For an arrangement after case 1 (from now on Cl equals
mean veloc!ty In the pipe line befbre the pressure au~mentor)
there is, by equations (1) and (3):
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and for an arrangement after case 2;
. .

.[

1ApbAp+&D_,

u’ a’
(

d)4
,. ....... 5).

. . .. ..
..

“Denoting the coeffloient””’indicating

.1
.,

,,ca
+l”y+_

2g

J

the increment of
the pressure difference AP# produced by the augmenter

over the dynamic pressure in the pipe line VI ~~ by M
2g

“(coefficient of ~ugmontntion) givee

(a) Por the arrangement after caae 1:.

1M=——

()
dh

era aa ~,

(b) For the arrangement after case 2:
. .

5

(4)

(5)

Commence by disrega$d~ng the “sffoct of cOmprOssi.bility ..
that is, aesume 0 = 1 - and dedote the value of B! for
U=l by Moo It muet be remembered that, for an arrange-
ment after case 1,, - . .

:..”. .’
.. ‘l-. . .M =— M. (6)

~a
“,,”

The aolect.io’n“of the type of ”pressure-augmenting dovlce
will be governed “almost entirely by the “residual preseure
Ioeeee 8P, pr.o-dticadby the augmenter;.” , “ “

‘. .
3’sororifice pl:ates and nozzles tlils”will be (reference 1,

, P. 285): . .
.9 ‘a

[

1

1“

cl.“#.
8P = y-l

()

Y—
* 2g

‘n

(7)

.

—— .
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,

whore p Is the coefflclont of contraction of tie” stream:
for nozzles v = 1,0: whereas for orlflcos It can be found
by the fornula (reference 1, p. 284): ,

.,. .,

M=J===-((!Y(8)

If tho residual losses 8P are represented byt

then tho coefficient of residual loss is determined by:

..
. . .

In figure 2 the most important factors In the above
expression - the rntio d : D and the residual loss cocffi-
Cieflt g - r.re plottcd”for convenience in calculation as
functiGa of the coefficient of augmentation Moo According
to tlli.s:

(a) The residual loss coefficient ~ increase s:with
increasing coefficient M. - first quickly, then mor?. sl~wl~o

..

(b) The. arrangement aftar case 1 is onl~ 10,ss favorable
than caso 2 for low values of M. : for high valuas of MO
the t::o arrmngoments aro practically equivalent

Figure 2 also shows that with B!c equnls conetant and
the same arrangement of the nugmentor the residual .prcssuro
10SSOS fcr orifl”ces and ncz.zles are the same. Tharefore,
orifices should be preferred to nozzles as the si~ple and
ChP2.nCi nrrangmont. The “only axceptlon is If the flGw is
contcainated with tarry refuse ~o,r:.dust; in such case a
tenacious crust foi”me more “~uickly on orificos than an nozzles,
producing a round~d edge to tho P.perture of the Grlfice plntc,
nffccting its efficiency, and conqoquently the value of No.

....
; “.”.

*.

.
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2. The Use of Venturi Tubes and Premnure Multipliers

as Pressure.Augmenting Devices

A pressure multiplier (choke) is a 00axlal arrangement
of venturi tuben of different diameters - a multiple-venturi-
tube arrangement. These were suggemted by Eateau (fig. 3).
The disadvantage of the Bateau ohoke (usually ooneisting of
a triple venturi tube) is its considerable structural length,
whioh may attain 4D to 6D and makes praotleal applioatlon
diffioult. The present writer has, therefore, suggested an
alternative arrangement (ehown on fig. 7) and consisting of
an oriflee plate with a coaxial venturi tube in the aperture,
whioh has a far lower structural length of 0.76D to 1.OD.

Theoretical analysis of the pressure-multipllor principle
will first be applied to a Ratea~type choke consisting of a
double venturi tube (flga 3a) and then extended to other equiv-
alent arrangements The following notntion will be used:

Fe I entry section of the small Venturi I

Fk I ~lnimum eoction of the small venturi I

Fa I dlechnrgo eectiori of the small venturi I

‘o II entry section of the. large vanturi II

‘k II ninlmum section of the large venturt II

1’a II discharge section of the large %enturl II

To simplify calculation,it will be assumed that ,
F o 11 = l?a II = F, the last being equal to (11/4)n~ “

equals cross section of the pipe line; furthermore ; that

‘a IEll=—
‘k I

‘a IImI~ = .—.——
‘k II

‘k 11.n=-
.,

Fa I

L —. . —— .. .
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.
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“for the discharge, cm ncw
e flow padslrig thr$ugh
e flow botwean vaaturls I
Then,

(H)

T
6ot

tur
II

‘hro.e
up :
i I,
, and

n
d

(14)Q1 Ce I I c= I I

Cfe (F - Fe 1) (Tk 11 - 1) (1!?)

Ca Fa c 1~ (Fk ( 1(5)+I III I

where Cl equnls ueaa veldcity in
aultiplierm The velocities Cle
figurf3 3a.

. .

the pipe
and C ‘k

line before the
nre defined c:l

fylng equation ( 16) eque.tion ( 12 gives

n ’11 cnI + (n - 1)

Applyin
through
Ields.

g the
vent

Be
ur 1

rnoulli equntion successively tc the
I imd the flow between Tanturls I nndflow

II y

—. —
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G= Caar,. ‘ -“pa:.l+ (1+ tr) ~- .
P=’I’+ v-“* =’ 117)

cl a
~l.oi+ y.+ . Elk + (1 + gl) !&a (18)

Coz I
As Buh.e”t4{at‘the total proeeurea..- Pe~+Y— and

I-. :,---- . .. . .. . . 2g
p!~ +Y~. ard equal (’the he~umptlon P el

= ple givoll!

approximately the same final result) and that by emnlogy
. with a parallel-w.a.11 channel pal .= pf.k~..dquations (17)

and (18) furnish tho followl.ng ~relat.lopships~

. . . .. ~k

‘~caI’..

f

—-—

P=
l+!~
1+~1. . . . i..“. “.. .

(19)

(20)
. .

..

. .
Sinco ~1 will always be considerably greater than ~1,
then q > 1,0: therefore, tho voloclty Cn 1 will always be
less thnn tho Velo=.ity C-tko Transforming equation (lE.1) by
equaticm (19) gives s .

a
caI= ‘II c1 (21)

. ..-. :... - (n -:l)cp *l..:. .J .“ ..:

.. . . . . . . . . . . . . . . . . . . . . . . . . . . -. .,- . . . . . .. . . . . .... . .. ---- ... .. . . . . .. . . . . ..

. . . . . . . . . Ck ~ & . . .. .. ~ ~ ‘“:: ..~f:~~i~ cl : “ ‘- (22)
(n - l)q+l

With.arrrnge~ent of the .fira.ssure-augueatlng device
nccotding to c~.se 2 (fig. --lb),”thepF.essure difference is:

,

---- .. —-— ..
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wherein Ce equals love coofflciont of the convergent sec-..
tlwn of venturi I.i

Substituting Ck I in the last equation by its value

according to equation (22) -givee

L

Coasoquently, the coefficient of augnentatlori “<or cn arrnngb
nont according to caso “2 is:

[“
:a

n
M. = (1+ to) ‘—-— ‘“I ‘II I (23)

(n - l)cp+l

and the residual lose in the pressure multiplier can be
expressed as follows:

.0

8P = @p’ = tMo”Y2 $ “ (24)

. . .

To find the 10SS coefficient .~ add the partial losses
in each section of the multiplier and relate them to the dis-
charge valoclty Ca II = cl and to 1 cubid,meter per sacond

discharge volume: Q~ = Cl”f through”th~”whole multiplier,

lIt may be assumed that ..Ee e..O: more accurately
..

whore A equals frictional coefficient of” the. length and e
equal-s apex nngle of the chnvhrgont length.

-,,—., ,, .,, ■ m mm ....
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The resistance In- the oonvergen.t lengths of both ventl:ris
can be ne~lected. . Conseau”ently. the residual pressure 10SS.-
will be equal to the sum ‘of th;-losses In
lengths of venturi I: .

and l~f renturi II:

c=
.*gII(maII - i)y.a ~

where QI = Ce I Fe!I = Ga I ~a I equal e

11

the divergent “.

volume of flow

through venturi I; and *> 1 equals a coefficient repre-
senting the loss through turbulence at the discharge from..
venturi I.

By applying equations (12) and (%!l)l
. .

.

By comtlning this with equation (24), the loss caefficlent of
a doublq venturi multiplier Is obtained as~

d
....”

t
‘ a“

n= ma
= 10 ~cI~{maII - 1). + ~~(m ~ - :1) II

}
(25)

[(n- 1)9 + 1]3

.“ Now ~nvestlgate ~n-div,i”dualcases: .
.. ,.”..;

. . (a) $Ingle”vent.url “tube.- The”vsnturi tube (fig. 4) Is
‘commonly .wsqd <or measuring flow .veloclties iu a section oon-.
slderably larger than the,-tube itself:. -The properties of
this tube as a d~narn-~o.~ressura~augmenting device will now be. .
examined. . .

‘The 10SS .c@ff~i.&at”a ~~SI1”’ can be found ~ “
the expheasion “ “ ... ,,.

..-. .
7! +m-l~lme‘~=* m+l”

-“

; ..

-, .

where A caefficlent of friction of the length equals f(Re);
a~d e ea.ualeiapex angle of the divergent length.

—.



“ By neglecting the resistance Infthe convergent len~th
of the tube - that ie, assuming ~e = O in equation (23),

and bearing in mlnrl that for” the particular case “mII = 1

and nsco - the coefficient of augmentation becomes:

. .
ma

140=L
~a

.
By disregarding the losses In the flow outeide the tube,

in equation (20) - that is, assuming ~1 = O-and, since

of a.ugmentatton is finally sxpreesed by:

“, .i .:--

..:.

.“

M. =
MaI

1 + C1 (maI - 1)
(23’)

If the section of the venturi tube 1s sufficiently small .
compared with the flow sec~ion, the residual losses cauged by
the tube are negligible’; cbndequ’ently, the”venturi tube”le an
ideal pressure-augmenting device. The determination of the
pressure-raising capacity of the tube is therefore of eminent. .

importance. FiFume 5“e~ows curves of HO
c1

and cp = —
Ca I as

functions of mI fbor !I = 0.15. .It will be seen that M.

at first .Increases hbruptly with fncfeasing mI, and reaches

a value of :5 ‘fo~ mI = 4. Thence, M. increases very

SIOWl}-, and at mI S @k attains ,only q.value of 6.65. It has

been found by experlmerit that at M1 = 8.25, only the most
efficient venturi tubes of Mavy and Zdlim (referentie. 2)’ types,
have a coefficient of augme~tation of “M. = 6.380 Cons6q”uefit-
ly, in spite of the econom~ of their use, venturi tubee -are..
only practicable at very low values of” Mo. Attention Qu’@t

be drawn to the fact that with no loss in the venturi - that
is, if(I=()-th8nq= 1, and Ca I = Cl; hence, the
theoretical volume of flow through the tube will be

Q’I = cl~a I, and the actual volume of flow:. . . ..
-. -. .

Q’I
QI=ca ITa I=~.

..; . : . .
,. .. . ..; .

---- .
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or timee lesm “t~hanthe theordtlcal flow. Ae ohdwn by
figu~e 6, the losses increase with lncreaeing MI 8 and thae

aleo CPS causing the volume of tbe flow through the tube to -
d$mtnish; the l“dht cireumatanae exp~alning”the oonaiderable
deereasq In the actual val e of No,

%
compared with tho the-

oretlcal value of Ml. * m 14

It is now possible to deffne the prinelple of aation of
a preesure- multiplier: whioh “consists In the fa~t that.; when
the discharge-aperture of ‘the venturi” is placed in a’con~.
Btricted sone of the flow (e.g., in the throat of+a ueoond,
larger venturi), where the velocity te considerably increased
but the preesnre less than in the entry section of the tube,
an artificial ‘draughtW Is created (by the pressure difference
between entry and diecharge of the emall tube, and by the
e~eotor effeot of the velooity oo~ in the throat of the

eeaond ventturi) which considerably Increaeee the volume of
flow and tkb veloolty through the small venturi, and allows a
high coefficient of augmentation.

,.. (h) Rat,~nuZtvne. tld~-venturi Dreasure multiplier ..
Firstly, it must be point,ed out that the diameter Dk I Of. .
the throat of the smaller
order not to Increase the

If.’:”

a= D—:
‘k I

.

then by equation (13)

venturi should not be too small, in
ooefflcient of 1000 ~10

,
Fthat Ie, a= = — .

‘k I

aa .—u -— .t
mx M1l .

,.

..,. ., ‘ .:.

~or CPe aB Zn the preceding iraee,
...“

hence, if ~e=o: :-.

M. u
a’

[(
a“

1.

a

xwl)~+l

●

(27)

(23”)
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The eoeff~oient of 10”ss ~ is then by equation (25) “

.“ . . .

T.o.m&etermine the tQtal “l_ength . L of- a. rnul$iplier’,~con-
sider firet the length 1 of theod$.ver-g@...cone with aa apex
angle of e: ,, -.+, -.:... :.

..
i’: “.

Da
a

- Dk
= u ‘Da”(!+;.: (2e)

2 tan ~ 2 tan &
.2 ‘.

...”

Then, the len@h L will be “for “61 =,61’1 = 0, “and by neg~

letting the short entry length. of the smaller. venturi hzhe:

(29)

To assist in determining the Influence of individual
factors, figure 6 reproduces curves of ‘I , ‘II and E

plotted against MO. for the fdllowin.g conditions: D = 800

millimeters, ‘k I = 44 millimeters, ~1 = 0.1, g~~ = 0.175,

and v= 1*O. It will be seen that for any valve of HO the

loss coefficient ~ ie Inversely proportional to MI, and

consequently to ‘II*
Yor a value of mI = 3 to 6, the “

residual pressure loee 6P Ie only”2 to 4 percent of the
pressure difference APl, which shows the high efficiency of
this type of preesure multiplier.

. . . . . . . . . .

(c) Xateau trinle-venturi press ure multiulier.- Only the
equations will be given for this case. By introducing the
additional factors: .’-“ , . - ., ‘ .... .

F
IUIII = a.111 and n* = *k 111, . .

‘k III, ‘a III
.

. .
‘i

.. .
.,”
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and assuming ge= o,” ““ . ,
.“,...

.

. . .. .

[

n ,

1

a
M. = n* mI mII mIII (30)

(n - l)q +. 1 (n* - l)qP + 1

where cp is calculated by equation (27) and @ is de% or-
mined by the following expression:

-—.

~. ‘a ‘=111 + ~~ll(maII - 1) ~ ~I(maI - 1) (31)
[(n - ‘llq+ 1]3

3y neel.ectlng thg inelgnificant losses In.the smaller
venturi 1, the loss coefficient of the multiplier is deter-
mined by the exprefislon:

(d) The qqthorfa multla~i~- In.thl~ ci+se (see fig. 7):—— ...— . -- .-— .-.

. . . .
1.

rlll = — (33)
@ a“ . .
G )

where p Is obtained b~ equat,ion (7). The values of n,cp,
and M. are found as before, frou equations (26), (27), and

(23’).

The residual losses in the flow behind the orlflce equal:

and the leas coefficient therefore:
. ..-.

(
..

7
t ‘“~ ‘mll- 1)=+4m:1- 1) F a’

maI [( -- $.+ q3j ’34)

. --..— .- ——— —-—— -———— ——— - .-. .— —. .
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To assist in determining the influence of individual
factoro, curves of d/D, mI, and ~ are shown in figure 8,

(the curves In figs. 6 and 8 have been plotted by S. M.
Rothstein) plotted against values of Ho, for the condltioaa~

. D = 800 millimeters, Dk I = 44 mllllmeters, ” ~1 = 0.1, and

*=1.O.

It will be seen that at any value of M. the resldusl

loss coefficient is inversely proportional to mIs and thus

to d/D.

~Or 1111 = 3 to 6, the corresponding residual 10ES is
about 3 to 6 percent of the pressure difference AP~ .

II. SUCTION OR DISCEA2GE GOVERNING

It is now proposed to compare the efficiency of constant-
volurce governing (regulation of output) with the pressure-
augmentlng device fitted in the suction (“suction governing”)
or the discharge (Discharge governing”) of” the compressor.

1. Coefficient of Variation of Output

The controlling force on the governor menbrane equals q
e“quals f4Pf, wherein f is the area of the membrane. By
equation (5) tha expression for the controlling force becomes:

a

q= A%
.

wkere

“ “(3$)

. ..

and

A =Mo ‘m
.2gE=

.’

I’= ~ n=
4

cross-sectional ”area of the pipe before the aug-
menter

0 compressibility factor in the equation for the
discharge volumel

17. ..lSee footnote on p.,
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By neglecting the slight variation in the value of ~,
the controlling force becomee directly proportionate to
G= VI - ‘G being the mass flow in kilograme per second-and

v% the epeclfic volume of the flow before the pressure aug-

ment or . The fact that the magnitude of the controlling force
is dependent on the epeclflo volume as well as on the mass
flow also explaine why the arrangement of the augmenter in
the suotion or the discharge, differently affeots the con-
trolling forae.

To further investigate this circumstance, examine the
llnes of equal controlling foroe In the pd - Q diagram

(pd being the final gas pressure and Q the volume flow in
cubio meters por seoond proportional to G at constant Pn

and ts - that iS, Q = G V5). As will be shown furthGr
on, a governor working under ideal oonditi.one will operate
at”” q .= constant . Then, if the pressure--augmenting device
is situated on the suction side, where Ps and te vary .

only Inconsiderably with atmospheric cronditlons - the spe-
cific volume can obviously be assumed.”constant throtighout”. ““
the governing procese - that is, v~ = V1. Consequently,

the curves. of
q.= ~“G= *S

A
= constant in the pd -“ Q diagram

will form vbrtic~l straight linee agreeing with G = constant
and Q = constant. (Furthermore,
Apl

if q = constant - I.e.,
= const”ant - then u.= constant is also correct, since

already Apl/P5 .= constant.]

Conditions qre d~fferent if the pressure-a~gmenting
de~ice Is on the discharge side since Pd and ..t~, and “

consequiptly”, pa = T1 vary considerably during the’ govern-
!hg” process. Therefore, the governor nci longer controls the
value of G, but a value Qroyortion+l to

.—
lFor.orifice ”plates (diaphragms):.

(
dd @ ‘“ “

I

U.= 1 w ~ 0.436 +.0.36 ~
)

.k =.adiabatio Index ““
q;. . . ....

l’or nozzlbsz ..

. . . .
. .

. . .’3’or all pressure multiplier: : ; “
...

..
0.8 A? ‘“a= 1 - ——
k PI

.—. .- —.



. --- .-.—.-.—— -.-—. — .
I

18 .

. .

w,hence:

. 1

v~ = vu ()p -E

E

(m “= polytropic coefficient of compreeeion )

. .

. .
. .

~. .,

..:
%-,

. .

and consequently . q=A$ Vta

pd ~
.“

‘() F

(36)

,

The laet equa.fro? aiso ehowe that with G or Q cons-
tant, the controlling force q will decrease with increa~o
of pressure - that is, the lines of constant controlling
force are Darabolic &uPves,
(~or details, see below. )

as shown on” figures 10 and 11.

..

.Examlne the simnlest type of governing ~evice (fig, 10),
operated by.controlling the running speed” of.the driver (e.g.,
a steam turbine.). The nrinc!nle of action ~of this governor’.
is a~ follows: When the re,si~tance An the, pipe llne (e.g.,
a ‘blast-furnace) increases, the characteristic curve of the
pipe line becomes displaced from p-o.sition I to posltlsn II on
the diagram. (See fig. 10.) Initially, owing to the insen-
sitivity and inertia of the system, the steam val”ve does not
open, and the uower input Ma remains constant. The- value

of the revolution speed,. however, becomes displaced. from the
point a along the Iia curve toward point e’ . This .diminfi

Gav,
..

Ishes the controlling forca q = A ~, whether ~.he pressure
. .

au~mentor is fitted in the “suction or the disc%.arge;” but this,
in turn, causes the governor mem~rane to move upward, and
with it the” piston of.the govern”or valve. By this mean~,
pressure oil is permitted to enter underneath the servo-motor
piston raising it, and opening the eteam valve. The driving
power then increases until the mass flow is ~estored to Its
original value. Then the sleeve ~fthk governor~valve rises,
cutting off the steam and stopping.the servo motor. When
the governing process has thus beeri completed, a new condi-
tion of equilibrium is established; with the power.and running
epeod increaeeti, but tho controlling force reduced qe> qa-

. .
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Thle is due to the fact that the inoreased power output N,
me > Xa correoponde to a higher pogi-tio-n-of the steam valve,

-----
a–id”with it,” - . -of the governor-valve sleeve; which, however,
is only possible if qe < qa. This form of governing ie,

therefore, only possible if the degree of irregularlt~ of
the controlling force (sensitivity of the governor) is a
fixed value:

(37)

where

q~ +q
q~ “

2

However, whether the pressure augmenter is on the euc-
tion or the dellvery side, the real governing curve will
always be found dieplaoed to the left of the llne of ..
qa = oonstant, the dietance Incrsaeing vlth the value of

8q. (If a cut-out (lever 7) is not provided, and the gover-
nor valve eleeve 10 t3tationary, a new oondition of equilib-
rium can only be obtained with the piston of the governor
valve In the original position - l-e., when qe = qa = q =

conetant. A governor of this type would be capable of pro-
ducing the ‘fidealfi governing curve - i.e. , a line of

?
=

constant and would Possess zero irregularity,
8q = 0“

Consequently, with an augmenter on the suction side, the.
~eneitivity of governing will be about half the value of the
degree of irregularity of the controlling forae:

(38)

A different relationship obtains for an augmenter fitted
on the discharge side.

It ie consequently possible by suitable selection of the
degree of irregularity of the controlling foroe q to obtain
even zero degree of Irregularity of the governing G or Q
and thus an almoet vertlaal governing ourve. In general, the
greater the range of the leas the degree of irregula~ity
of Q; thus, with a ta~;ficiently large value of “~q, the
value of 6Q may even become negative.

I .-



It ia obviously very dee$rable, therefore, to increaee
the degr~e of Irregularity of the controlling force, an con-
tributing to the aen”eitivity, stabilfty, and epeed of aotion
of the governing prbeese. H~vev?r, lf”the pressure-augment-
,iag device is on the auction aide, an inoreaee in the vakue

Of,.ilq simultaneously Ieade to an increase In 8Qm which ‘

ia, of cour”ee, undesirable. Consequently, one advantage of
fitting the preseurb aqae$ar on the discharge side, is the
possibility of obtaining ttvery emall degree of irregularity
in the governing process coupled with a sufficiently high
range of controlling force.

If the output Go or
preenure range of Fd to

conetant paeslng thro;gh a

or Q. -d Pdo = lb(pq
lowing equations:

Q. IS to be controlled within a

P;h (fig. 11), the line of q. =

po~;t with the coordinates Go

#pal@), is represented by th~ fol-

or” “

. .

where
!: :, : ‘ :

-1 (39)

(40)

mpol is polytroplo efficiency; k 5s adiabatic coefficient

and ..:. A(3.G - Go; AQ.Q-~ol

lTo construct the ,llne of q = constant, determine: .

. . ..

APO = Aplo <O:=. Ho
Gao .:ve . .. .. ... . .

. zg Fa “pd ~ ‘ ..
,.

(Contiuued”on p. 21)
(e) s t“

..

.. , .,, , . , , 1 11
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In the first approximation the curve of

Se .a straight line., for whi~h,z ..

q. = conntant

. .
where

Q1 iiQa” Md
—-— - “(41.)” ,
Qo ‘Qo “ amo Pdo

.,

.
““APd = Paa - Pdo = “polo- piz

If the governing curve is to have. lto, orlgln at point 1
and term3nate at point 2 (fig. 11), corresponding to sero
mean irregularity of QorG. that In, to 8 = O - it
will be neaeeaary for the degree of irregularity 9 of the gov-.
erning force to have a value of:.

qlaq = ;Oqa (42)
J.

A first’ a~proximation for 8q can”be obtained by the
following equation: “

NJ= 2 APd

()%-4~l~o=<”~
100 peroent (43)

From this it follows, for instance, that if it la de-
~ired to control Q within a degree of Irregularity of
8Q = O and within pressure limits of *1O percent of polo,.
Ii ia necessary for the controlling force” to have a degree

of irregularity of
%

= 10 to 13 percent (m. between 1.56
and 2.0)

(Continued from p. “~0) and theno@,

I’urther, valuea of flpol (With = “Q &

...

LTo and” APL . s.
Qo-),”.rn,ando F$*)

corresponding to a ra~’gO.of vailuea of P~ b-eti~~ Fd i ~ Pda,
,..

must be determined. The required values of ~G and G, or
AQ and Q, will be found bk equ”ation (39).

—— ..



2. Steadiness bf Governing
,“

,:

Without going into detail~, Zf the p~essure augme~tor
is fitted in the disoharge, the-dynamics of governing are
affected by the appearance of a negative term in one of the
faotore of steadiness. Slnoe, however, the governing process
of a centrifugal compressor Is eteady in all casee (ref8&e”nce
3) (so long as the compressor is operating i.n the steady re-
gion of the characteristic), this circumstance will hardly
be material.

3. Power Lost in Governing

Owing to the necessary high pressure differences AP,
(reference 3), tke residual pressure losses and acconpacying
power loOses are of material significance In the problem of
governing.

If, on account of roeidual pressure losses in the pres-
surs-augicenting device, the initial pressura P~ Is reduced

by the amount 6Pa or the final pressure “pd b; tho amount

8pd, the compression ratio must be increased to:

I pd
E .~ “

= Pa - 8Pa
1

8P~” “
-—

Pa

in the first caee, and:
,.

pd+8pd=El+6pd
c’ =

Pa ( E Pa )

In the second case.

The second expression Is connected with” the excess power

coefficient 13N= N! - N
.. . .

N ~’
which iii

(a) Pressure- augmentor on “the suction side: 1. .

1
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(44)

compressor: .... . . ,.

*

... .

* (
‘* ~--- -1 --- “-

=E’-c P~ )
E ..

~: --l” .” l-c- *

. .. ..

Cooled oomyreneor:

,.

(b). Pressu re au~mentor on the dioch~rge eide: ,

Uncooled compressor:
. . .

Cooled compressor:

1

e~d : (lg l+>
,)

T lg c. .
.

Suffio~ently a.ocurate values can be obtained by the
following series expansions:

Unc ooled comu~ea aor:. . ,.
8P.. ... ,.“. *= +

.. ...

N ;:’1 “ . . ““ “

l-c x

~led comnree sor:

(45)

(46)

(47)
. .

(45’)
. . . . .. . . .
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Uncooled comureseo r:

#

. . .

Oooled comnrees or ~

(46’)

(47’)
N. .3 .3036 Ig c .

These formulas indicate that the relative excess power

coefficient @ is directly proportional to the ratio ~~
H r~

and variea inversely with the co-mpreesion ratio c (see
also figs. 12a and 12b).

To compare the newer loss in the suction with the power

i
loss in the discharge, consider the ratio 6Hg Since:

~“

(48)

if the residual loss 8P is equal on both sides - that is,
8P~ = 6Pd - then an augmenter in the discharge will p-reduce

a power loss c “times greater than the po’rer’loss on tho
. ecctlon side.

To compare the pressuro losses 6PS “and 6pd, considor

~~e simpleet form of pressure augmenter - a nozzle fitted ae
In cisa 1 (fig. 1). S1.ncb: ““ ‘ m

..

M. =
API

.... Cal
71 -—

2g “... .,..

then, by equations (4) arid (6”), by assuming u = 1:
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. .
., &3P = [man’ “~.c~], .--- --——..... ... ,.. (49) .

. .

Hence, with equal pressure differences AP-t, the residual
pr.eseure loss on the discharge eide 6pd will he less than
the corresponding 10EIS on the, tauotion side .&P.ti
the former caee

.

..

Aotually, therefore:

mince in ..

.

“..,

,.
.

This Is demonstrated by fl~re 13. showing the appropriate
values of. Ho and the power. losees 6N0@ and ‘iHdjH, for
~pl = 2000 millimeters water and different typem of pressure
augmenters .

By summarizing paras. 3, 4, and 5, from the point of
view of the degree of ,Irregularity of the governtng Froce8s
and thb mag’nltude of the” accompanying power losees, discharge
governing is more effioient than suction govern-i.ng.

. .

III. D3!SIGN ANE S3LECTION OF PR3SSE!N AUGXENTORS-

1 . .S’election of the Type” of Augnentor
..

r.. . ...

When seleoting the most suitable type of pressure-aug-
menting device, the followlng consideratfone should be borne
in mind: 1) arran ement (suctimn or del.ivary side);. . . t

f2) power. losses; 3 “ structural length; 4) oos~ and. eimpllcity
of manufacture; 5) fitting, .supervision; and maintenance.
The selection depends entirely on which of the above factors
is to be considered most important. ,: . . ~ ,

-.
. . .

For. compression .rati.os betveen .c’.= 1.5jto”4.O -. t~,at is,
for uncoolod compressors- t~e fol}~~ing Indications ma,v be. .
used (see also fig, 13): 1) ~rificb plates (d’lamhragms) and”
nozzles. atie unsultablb far: this ca.sd since,, for example, the
pawer loss wh~n fitted in.tks:dis~arge,sxcee~s 3 percent at
APi = 2000 millimeters water, and 1 Rercent when fitted in

-—
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the suction. 2) Plain venturte are unsatisfactory a8 requir-
ing very high values of M. 3) Rateau twin or triple ventu-
ris- oan only be used on the euotion: furthermore, only at low
values of C and sufficiently high values of Aplm 4) The
authorls multiplier is recommended for use on the deliv?r,v
side, since It couples a mzfficiently low power loss coeffi~
clent with. simplicity and compactn?80 of construction.

It should be particularly mentioned that when governing”
cooled compressors (turbo-compressors) from the delivsry
side, orifl.ce platen and noazles aro p8rfectly sultablc as
pressure-augmenting dovlcos; at a ratio of E > 6 to 7, plain
venturi tubes are also eatiefactory, sinoe the requisite co-
efficient of augmentation is M<7. When governing tuYbo-
compressore from the suction eider the authmor’s type of pres-”
sure multiplier is quite satisfack.ory.

2. Remarks on the Design of Pressure Augmenters

Orifice plates an”d nozzles ae, pressure-augmentlrig -d~-
vi”ces can be designed in all respects along normal lines
(reference 4) . If simultaneously acting ae flow meters”,
they should be provided with piezometer rings. .

“In designing pressure multipliers; full uae should be

made o“f the available experience in the construction of “ .
venturi tubes.

Although the diverging length

la=
Da - Dk D

e= - (’-~)
2 tan - 2 tan ~

2 2

(28)

should be as short” 8s possible, the apex angle should never
exceed 60,- at most ?o to 80 - to avofd break away of the
floi and consequent increased flow losses.

.
The throat diameter ~~,1 of venturi I should prefer- .

ably be more than 20 to 30 milllmetere. The a“ngle 6 for
the converging entry length is..ueually 20°. ,The intake .sec-
tlon ?e ~ .should be. suffioieqt t~ epsure.that

Ce I = C*” ~~x = xc GZD where” “Cl max .ie the”velocity in ~’

the axts of”the pipe at a suff’iclent” dlstanc?’upetream. In-
‘..“ .,



such case, the following ex~reds”lon derived from equation
22, can be ,used for all pressure multiplterw expeptlng the. .. .
‘Rateau triple-venturi ”tfie: “ :,

“. . .. . ...
ie1=3’alL n-

Ko.(n - l)q)+ 1
. .

But If the value of Fe I ie taken lower

. .

..- . .

%1 (50)

than by the above

equation, there ie obtained Cmp 1.> Cz.max with the result,

that the nor-realpressure and -vs”~oclty field in the pipe be-
comee di~torted, with increased irr6gularlty and additional
10SEeB. The coefficient Kc may be taken at 1.0 to 1.2.

When deelgnlng a pressure multiplier of the authorle type,
the discharge of the venturi ‘a I should preferably be

situated in the minimum section of the flow behind the di-
aphragm, whioh wI1l be at about:

“ 0.2D to 0.35D for d/D = 0.85

O\35D to G.511 for d/D = 0.75

0.5D to 0.7D for d/D = 0.7

The entry section Fe I should be distant at least O.111 to
0.6D from the diaphragm.

It may be mentioned In closing, that a number of the
propositions eet up in this paper, “etill need experimental
cheoking and development.

Translation by L. J. Goodlet.

. .. —. — -— - -- . --- -—- —---- —.—
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Figure l.- Alternative arrangements

.

Figure 2.. LOSS coeffi-
cient ~ , and

ratio d/D for orlfice-
plates and nozzles (d/D
for augmenter after case 2).

of the pressure-augmen-
ting device: (a) case 1; (b) case 2;
(c) ca6e3e

!iz

Figure3.- Rateaupressuremul-<
tipliers:(a) twin

venturi;(b) tripleventuri.

-

Relationship
betweenvalues
and ml of a

Figure4.- Venturitube. venturitube. -
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~igure6.- Design curveo for a Rateau

twin-venturi”m@tipl$or. —
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-
8.Figure8.-‘Designourves for a RIEI ~i

I multiplier.

Figure9.- Arrangmentdiagramof an outputgovernor.
1. Intakeand dischargepipe-line.
2. Pretataure_au@enting devioe. z
3. Outputgmernor (oontrollingmember). m
4. (pi8tonvalve). 86

sleeve.
:: ~pindle. @w
7. 4

Governor valve
Governorvalv8
Oovernorvalve
Out-outlever.
Serwo+otor.
Steamvalve.
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Tigure11.- Our*eof q= comt. and irregularity~q,
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~t~e 13.- POwoilkea ~_ c 100 pro~u~adby diff-

erent types of pref3euroaugmenter
~fittedin the suction,or the discharge,“withthe
requisiteeoeffleientsof .augmentation~ ‘(amumed
APO = 2000 mm of water).3’ull-Iinerepresentsdin-
ohargegoverningand dottedline representssuction
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